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(54) Abstract Title: Heat-treating methods and systems 



(57) A workpiece 34 such as a semiconductor wafer is 
pre-heated to an intermediate temperature (Fig 4: 
Tj) then a surface 46 of the workpiece is heated 
rapidly, for a time period less than the thermal 
conduction time of the workpiece, to a temperature 
(fig 4: T D ) greater than the intermediate 
temperature. An arc lamp or filament lamp 32 may 
be used for pre heating, and a flashlamp or laser 36 
may be used for heating. Pre heating and heating 
may be achieved using radiation sources disposed 
on either side of the wafer, and radiation may be 
transmitted though a selective filter which is cooled 
by a liquid flow across the surface of a quartz 
window 65, 71. Cooling of the workpiece may be 
enhanced by absorbing radiation thermally emitted 
by the workpiece. One heat-treating system 
comprises a liquid-cooled arc lamp, using water as 
a cooling fluid, with a pulsed discharge power 
supply configured to supply an electrical discharge 
pulse to the arc lamp to produce an irradiance flash. 
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HEAT-TREATING METHODS AND SYSTEMS 
CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority from United States patent application serial 
5 number 09/729.747, filed December 4, 2000, and from Patent Cooperation 

Treaty application serial number PCT/CA01/00776, filed May 30, 2001, both of 
which are incorporated herein by reference. 

FIELD OF THE INVENTION 

The present invention relates to heating of objects, and more particularly to 
1 0 methods and systems for heat-treating a workpiece. 

BACKGROUND OF THE INVENTION 

Many applications require heating or annealing of an object or workpiece. For 
example, in the manufacture of semiconductor chips such as microprocessors, a 
semiconductor wafer, such as a silicon wafer, is subjected to an ion implantation 

1 5 process, which introduces impurity atoms or dopants into a surface region of a 

device side of the wafer. The ion implantation process damages the crystal 
lattice structure of the surface region of the wafer, and leaves the implanted 
dopant atoms in interstitial sites where they are electrically inactive. In order to 
move the dopant atoms into substitutional sites in the lattice to render them 

20 electrically active, and to repair the damage to the crystal lattice structure that 

occurs during ion implantation, it is necessary to anneal the surface region of the 
device side of the wafer by heating it to a high temperature. 

Heating of a semiconductor wafer may be achieved by a number of distinct types 
of methods, including the following- 

25 (a) Adiabatic - where the energy is provided by a pulse energy source (such 

as a laser, ion beam, electron beam) for a very short duration such as 10 



to 100 nanoseconds, for example. This high intensity, short duration 
energy melts the surface of the semiconductor to a depth of about one to 
two microns. 

(b) Thermal flux - where energy is provided for a longer duration, such as 
two microseconds to five milliseconds. Thermal flux heating creates a 
substantial temperature gradient extending much more than two microns 
below the surface of the wafer, but does not cause anything approaching 
uniform heating throughout the thickness of the wafer. 

(c) Isothermal - where energy is applied for much longer duration, such as 1 
to 100 seconds for example, so as to cause the temperature of the wafer 
to be substantially uniform throughout its thickness at any given region. 

The high temperatures required to anneal the device side of a semiconductor 
wafer tend to produce undesirable effects using existing technologies. For 
example, diffusion of the dopant atoms deeper into the silicon wafer tends to 
occur at much higher rates at high temperatures, with most of the diffusion 
occurring within close proximity to the high annealing temperature required to 
activate the dopants. As performance demands of semiconductor wafers 
increase and device sizes decrease, it is necessary to produce increasingly 
shallow and abruptly defined junctions, and therefore, diffusion depths that would 
have been considered negligible in the past or that are tolerable today will no 
longer be tolerable in the next few years or thereafter. Current industry 
roadmaps, such as the International Technology Roadmap for Semiconductors 
1999 Edition (publicly available at http://public.itrs.net/) indicate that doping and 
annealing technologies will have to produce junction depths as shallow as 30 nm 
by 2005, and as shallow as 20 nm by 2008. 

Existing annealing technologies are generally incapable of achieving such 
shallow junction depths. For example, one existing rapid thermal annealing 
method involves illuminating the device side of the wafer with an array of 
tungsten filament lamps in a reflective chamber, to heat the wafer at a high rate. 
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However, the wafer tends to remain hot for a considerable time after the power 
supply to the tungsten filaments is shut off, for a number of reasons. Typical 
tungsten lamps have a relatively long time constant, such as 0.3 seconds, for 
example, as a result of the high thermal masses of the filaments, which remain 

5 hot and continue to irradiate the wafer after the power supply to the filaments is 
discontinued. This slow time response of the filaments gives rise to the 
dominant thermal lag in such a system. Also, radiation return from the walls of 
the reflective process chamber provides another source of continued heating 
after the power is shut off. A temperature versus time profile of the wafer using 

10 this tungsten lamp annealing method tends to have a rounded top with relatively 
slow cooling after the power to the filaments is discontinued. Accordingly, if the 
wafer is heated with such a system to a sufficiently high temperature to repair 
the crystal lattice structure and activate the dopants, the wafer tends to remain 
too hot for too long a period of time, resulting in diffusion of the dopants to 

15 significantly greater depths in the wafer than the maximum tolerable diffusion 

depths that will be required to produce 30 nm junction depths. 

Although the vast majority of dopant diffusion occurs in the highest temperature 
range of the annealing cycle, lowering the annealing temperature is not a 
satisfactory solution to the diffusion problem, as lower annealing temperatures 
20 result in significantly less activation of the dopants and therefore higher sheet 

resistance of the wafer, which would exceed current and/or future tolerable sheet 
resistance limits for advanced processing devices. 

One annealing method that has achieved some success in producing shallow 
junctions involves the use of lasers to heat and anneal the device side of the 

25 wafer. The short-wavelength monochromatic radiation produced by lasers, such 
as excimer lasers for example, tends to be absorbed at very shallow depths in 
the device side of the wafer, and the short duration, high-power laser pulse (for 
example, a 10 nanosecond pulse delivering about 0.4 J/cm 2 to the device side 
surface) typically used for this process tends to heat a small localized area of the 

30 surface of the device side to melting or near-melting temperatures very rapidly, 
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in significantly less than the time required for significant thermal conduction in 
the wafer. Accordingly, the bulk regions of the wafer substrate tend to remain 
cold and therefore act as a heat sink for the heated surface region, causing the 
surface region to cool very quickly. A typical surface temperature versus time 
5 profile of the localized area of the device side surface using laser annealing 
tends to be triangular-shaped and steeply sloped for both the heating and 
cooling stages and therefore, the device side spends only a very short period of 
time at high temperatures. Thus, the wafer does not remain hot long enough for 
much dopant diffusion to occur. However, because the bulk regions of the 

10 wafer, as well as device side areas other than the localized area heated by the 

laser, remain cold when the localized surface area of the device side is heated to 
annealing temperature, extreme thermal gradients are produced in the wafer, 
resulting in large mechanical strains which cause the crystal planes within the 
wafer to slip, thereby damaging or breaking the crystal lattice. In this regard, a 

1 5 very small spatial movement may completely destroy the crystal lattice. Thermal 

gradients may also cause other damage, such as warpage or defect generation. 

Even in the absence of slippage, a non-uniform temperature distribution across 
the wafer may cause non-uniform performance-related characteristics, resulting 
in either inadequate performance of the particular wafer, or undesirable 

20 performance differences from wafer to wafer. In addition, the large amount of 

energy delivered by the laser or lasers to the device side of the wafer is non- 
uniform^ absorbed by the pattern of devices thereon, resulting in deleterious 
heating effects in regions of the wafer where annealing is not desired, and may 
also produce further large temperature gradients causing additional damage to 

25 the silicon lattice. 

Other ultra-fast adiabatic heating methods similar to laser annealing have also 
been attempted. For example, flash lamps and microwave pulse generators 
have been used to rapidly heat the device side of the wafer to annealing 
temperature, resulting in a temperature-time profile similar to that achieved by 
30 laser annealing, with similar disadvantages. 
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At least one approach in the early 1990s involved a low-temperature annealing 
stage followed by a laser annealing stage. The low-temperature stage typically 
involved heating the wafer to a mid-range temperature in an electric furnace, 
such as 600 *C for example, for a relatively long period of time, such as an hour 
5 or longer. A typical temperature-time profile of the device side surface using this 
method is flat for a very long time, followed by a rapid increase and rapid cooling 
of the surface resulting from the laser anneal. Although this method purports to 
reduce junction leakage currents as compared to laser annealing alone, the long 
duration of the low-temperature annealing stage causes the dopants to diffuse to 
10 greater depths within the device side of the wafer. Such diffusion, which may 
have been tolerable or perhaps even negligible by early 1990s standards, would 
not permit the formation of sufficiently shallow junctions to comply with current 
performance and industry roadmap requirements. 

A more recent approach involves the use of a fast responding argon plasma arc 

15 lamp heat source to irradiate the substrate side of the wafer, to rapidly heat the 

entire wafer to annealing temperatures. The time response of the arc lamp is 
short (typically on the order of 0.1 milliseconds or less) compared to that of the 
wafer itself, and thus the dominant thermal lag is that of the wafer, in contrast 
with the tungsten lamp method above, where the dominant thermal lag is that of 

20 the tungsten filaments. A typical temperature-time profile of the wafer using this 

method tends to have heating and cooling temperature rates that are 
intermediate between those of tungsten systems and laser annealing systems. 
Thus, the wafer spends less time at the high annealing temperature and 
therefore, less dopant diffusion occurs than with the tungsten lamp method. 

25 Accordingly, this method is capable of producing much shallower junction depths 
than tungsten lamp systems. As the entire wafer is heated rather than just the 
device side surface, the extreme transverse thermal gradients that result in laser 
annealing are avoided, thereby minimizing additional damage to the crystal 
lattice. In addition, as the substrate side is irradiated rather than the device side, 

30 non-uniform heating of the device side due to non-uniform absorption by the 

pattern of devices is also much lower than for laser annealing, resulting in lower 



lateral temperature gradients and reduced damage to devices. However, early 
indications suggest that embodiments of this method may result in somewhat 
deeper diffusion of the dopants than laser annealing. 

An older approach, dating back to the 1980s, involved heating a semiconductor 
wafer by combining isothermal heating and thermal flux heating. The entire 
wafer was heated to a first intermediate temperature via isothermal heating with 
continuous wave lamps. Then, the front side of the wafer was heated via 
thermal flux using a high-power pulsed lamp array. These heating methods 
were carried out while the wafer and heating sources were held within an 
integrating light pipe or kaleidoscope with reflective inner surfaces that reflect 
and re-reflect radiant energy toward the wafer. Thus, as the wafer began to cool 
following deactivation of the lamps, radiation thermally emitted by the wafer 
would be reflected back to the wafer where it would be re-absorbed, thereby 
heating the wafer, and effectively slowing its cooling. This caused the wafer to 
spend longer times at high temperatures, thereby tending to increase dopant 
diffusion to depths that would be unacceptable by modern standards. In 
addition, the re-reflections of such radiation back to the wafer tended to produce 
non-uniform heating in the wafer, resulting in slippage and other problems 
associated with non-uniform or excessive heating. Moreover, this method 
purported to be suitable for heating the wafer with 2% uniformity, which is not 
acceptable for modern RTP systems. In addition, this method typically involved 
a delay of a few seconds between the isothermal heating stage and the 
subsequent thermal flux heating stage, during which the wafer remained at a 
relatively high intermediate temperature, such as 1100 °C, for example. This 
delay at the intermediate temperature can cause significant dopant diffusion, 
thus interfering with the ability to produce shallow junctions in accordance with 
modern performance requirements. 

Accordingly, there is a need for improved methods and systems for heat-treating 
a workpiece, such as a semiconductor wafer. In addition to annealing a 
semiconductor wafer for ion activation and lattice repair purposes, other 
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applications may also benefit from an improved heat-treating method that 
addresses the above problems. 

SUMMARY OF THE INVENTION 

The present invention addresses the above needs by providing, in accordance 
5 with one aspect of the invention, a method and system for heat-treating a 

workpiece. The method includes pre-heating the workpiece to an intermediate 
temperature, heating a surface of the workpiece to a desired temperature greater 
than the intermediate temperature, and enhancing cooling of the workpiece. 
Pre-heating the workpiece to the intermediate temperature, prior to heating the 
10 surface to the higher desired temperature, decreases the magnitude of the 

thermal gradients that occur in the workpiece when the surface is heated to the 
desired temperature. Therefore, thermal stress in the workpiece is reduced. 
Where the workpiece has a crystal lattice structure, such as a semiconductor 
wafer for example, damage to the lattice is correspondingly reduced. 

15 In addition, heating the surface of the workpiece to the desired temperature, as 

opposed to heating the entire workpiece to the desired temperature, results in 
much faster cooling of the surface, as the comparatively colder bulk or body of 
the workpiece may act as a heat sink to cool the surface by conduction. Where 
the workpiece is a dopant-implanted semiconductor wafer for example, this 

20 faster cooling results in shallower dopant diffusion, allowing for the formation of 

shallower junctions in accordance with modern and future industry requirements. 

Enhancing cooling of the workpiece further reduces the time that the workpiece 
spends at high temperatures. In embodiments where the workpiece is a 
semiconductor wafer, this faster cooling again reduces dopant diffusion in the 
25 workpiece, allowing for the formation of shallower junctions. 

Enhancing cooling preferably includes absorbing radiation thermally emitted by 
the workpiece. Thus, radiation thermally emitted by the workpiece is absorbed, 
rather than being reflected back to the workpiece to effectively re-heat it. 
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Absorbing may include absorbing the radiation at a radiation absorbing surface. 
Such a surface may include a wall of a radiation absorbing chamber, for 
example. 

Alternatively, or in addition, absorbing may include absorbing the radiation 
5 thermally emitted by the workpiece at a selective-filtering system. If so, then pre- 

heating the workpiece may involve transmitting radiation produced by an 
irradiance source through a filtering device of the selective-filtering system to the 
workpiece. Transmitting may involve transmitting the radiation to a second 
surface of the workpiece. 

10 Similarly, heating the surface of the workpiece may include transmitting radiation 

produced by an irradiance source through a filtering device of the selective- 
filtering system to the surface of the workpiece. 

The method may further include cooling the selective-filtering system. This may 
be achieved by causing a liquid to flow across a surface of a window of the 
15 selective-filtering system, for example. More particularly, this may include 

causing a liquid to flow in a space defined between first and second spaced 
apart windows of the selective-filtering system. 

Heating the surface may include rapidly heating the surface to the desired 
temperature by activating a source of thermal flux or adiabatic energy. The 
20 method may further include deactivating the source of thermal flux or adiabatic 
energy. 

Pre-heating the workpiece to the intermediate temperature may include pre- 
heating the workpiece to a temperature in the range of 600°C to 1250°C. 
Heating the surface of the workpiece to the desired temperature may include 
25 heating the surface to a temperature in the range of 1050°C to 1430X. These 

temperatures may be particularly advantageous in embodiments where the 
workpiece is a silicon semiconductor wafer, for example, as the upper end of the 
desired temperature range corresponds roughly to the melting point of silicon. 
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These temperature ranges may vary for semiconductor wafers made from 
materials other than silicon. 

Pre-heating the workpiece preferably includes pre-heating the workpiece for a 
time period greater than a thermal conduction time of the workpiece. This 
5 serves to allow much of the energy supplied to the workpiece during the pre- 

heating stage to conduct through the workpiece, thereby raising substantially the 
entire bulk of the workpiece to the intermediate temperature. 

Conversely, heating preferably involves heating the surface for a time period less 
than a thermal conduction time of the workpiece. Thus, the surface may be 

10 heated quickly to the desired temperature while the bulk of the workpiece 

remains substantially at the cooler intermediate temperature. This allows the 
bulk of the workpiece to act as a heat sink for the heated surface, causing the 
surface to cool much more rapidly when the heating stage is completed. As 
dopant diffusion occurs more significantly at the highest temperature range, Le. 

15 between the intermediate temperature and the desired temperature, this 

approach minimizes the time spent by the surface in this highest temperature 
range, thereby minimizing dopant diffusion. 

Heating the surface of the workpiece may include commencing the heating 
substantially immediately when the workpiece reaches the intermediate 

20 temperature. For example, this may include commencing the heating of the 

surface within an interval following the arrival of the workpiece at the 
intermediate temperature, the interval having a duration less than or equal to a 
thermal conduction time of the workpiece. This avoids any substantial delay at 
the intermediate temperature, which, in embodiments where the workpiece is a 

25 semiconductor wafer, avoids any corresponding increase in dopant diffusion that 

would otherwise result from such a delay. 

Pre-heating may include pre-heating the workpiece at a rate of at least 100°C 
per second, preferably at a rate of at least 400°C per second. Pre-heating may 
include irradiating the workpiece with electromagnetic radiation produced by an 
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arc lamp. If desired, more than one such arc lamp may be employed, such as 
an array of arc lamps, for example. 

Heating may include irradiating the workpiece with electromagnetic radiation 
produced by a flash lamp. This may include a plurality of such flash lamps, if 
5 desired. 

In embodiments where the workpiece is a semiconductor wafer, the heating is 
preferably carried out at a rate of at least 10,000°C per second, or even more 
preferably at a rate of at least 100,000°C per second. The heating is preferably 
achieved by irradiating the workpiece with electromagnetic radiation produced by 
10 an arc lamp or a flash lamp. This may include use of an array of such lamps. 

Alternatively, other heating devices, such as a laser, may be substituted if 
desired. 

Enhancing cooling of the workpiece preferably includes allowing the workpiece 
to cool at a rate of at least about 100°C per second, preferably at a rate of at 
1 5 least 150 to 180°C per second. 

In accordance with another aspect of the invention, there is provided a system 
for heat-treating a workpiece. The system includes a pre-heating device 
operable to pre-heat the workpiece to an intermediate temperature, a heating 
device operable to heat a surface of the workpiece to a desired temperature 
20 greater than the intermediate temperature, and a cooling enhancement system 

for enhancing cooling of the workpiece to a temperature below the intermediate 
temperature. 

The cooling enhancement system preferably includes an absorption system 
operable to absorb radiation thermally emitted by the workpiece. 



25 



The absorption system may include a radiation absorbing surface. The radiation 
absorbing surface may include a wall of a radiation absorbing chamber. 
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The absorption system may include a selective-filtering system. If so, the 
selective-filtering system may include a filtering device interposed between the 
pre-heating device and the workpiece and configured to transmit radiation 
produced by the pre-heating device to the workpiece. In this regard, the filtering 
5 device may be configured to transmit the radiation to a second surface of the 

workpiece. 

Similarly, the selective-filtering system may include a filtering device interposed 
between the heating device and the workpiece and configured to transmit 
radiation produced by the heating device to the surface of the workpiece. 

10 The system may further include a cooling subsystem for cooling the selective- 

filtering system. 

The selective-filtering system may include at least one window, and the cooling 
subsystem may include a liquid-cooling subsystem for causing a liquid to flow 
across a surface of the window. 

15 The selective-filtering system may include first and second spaced apart 

windows, and the cooling subsystem may include a liquid-cooling subsystem for 
causing a liquid to flow in a space defined between the windows. 

The heating device may include a source of thermal flux or adiabatic energy 
operable to rapidly heat the surface to the desired temperature. 

20 The pre-heating device may be operable to pre-heat the workpiece to a 

temperature in the range of 600°C to 1250°C, and similarly, the heating device 
may be operable to heat the surface to a temperature in the range of 1050°C to 
1430°C. 

The pre-heating device is preferably operable to pre-heat the workpiece for a 
25 time period greater than a thermal conduction time of the workpiece. 

Conversely, the heating device is preferably operable to heat the surface of the 
workpiece for a time period less than a thermal conduction time of the 



-12- 

workpiece. The heating device is preferably operable to commence heating the 
surface substantially immediately when the workpiece reaches the intermediate 
temperature. 

The pre-heating device may be operable to pre-heat the workpiece at a rate of at 
5 least 100°C per second. The pre-heating device may include an arc lamp 

operable to irradiate the workpiece with electromagnetic radiation. 

The heating device may include a flash lamp operable to irradiate the workpiece 
with electromagnetic radiation. 

The cooling enhancement system preferably allows the workpiece to cool at a 
10 rate of at least about 100°C per second. 

In accordance with another aspect of the invention, there is provided a system 
for heat-treating a workpiece. The system includes means for pre-heating the 
workpiece to an intermediate temperature, means for heating a surface of the 
workpiece to a desired temperature greater than the intermediate temperature, 
15 and means for enhancing cooling of the workpiece. The means for enhancing 

preferably includes means for absorbing radiation thermally emitted by the 
workpiece. 

In accordance with another aspect of the invention, there is provided a selective- 
filtering system for use in heat-treating a workpiece. The system includes a first 

20 filtering device configured to transmit radiation from a pre-heating device to the 

workpiece to pre-heat the workpiece to an intermediate temperature, and 
configured to absorb radiation thermally emitted by the workpiece. The system 
further includes a second filtering device configured to transmit radiation from a 
heating device to a surface of the workpiece to heat the surface to a desired 

25 temperature greater than the intermediate temperature, and configured to absorb 

radiation thermally emitted by the workpiece. 



The system may further include a cooling subsystem for cooling the first and 
second filtering devices. 
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If desired, at least one of the first and second filtering devices may include a 
liquid-cooled window. The liquid-cooled window may include a water-cooled 
quartz window. 

In accordance with another aspect of the invention, there is provided a method of 
5 heat-treating a workpiece. The method includes pre-heating the workpiece to an 

intermediate temperature, and heating a surface of the workpiece to a desired 
temperature greater than the intermediate temperature, the heating commencing 
substantially immediately when the workpiece reaches the intermediate 
temperature. Commencing the surface heating substantially immediately when 
10 the workpiece reaches the intermediate temperature avoids any delay at the 

intermediate temperature, which, in embodiments where the workpiece is a 
semiconductor wafer, avoids any corresponding increase in dopant diffusion that 
would otherwise result from such a delay. 

Heating the surface preferably includes commencing the heating within less than 
15 one second after the workpiece reaches the intermediate temperature. This 

preferably includes commencing the heating within less than one-quarter second 
after the workpiece reaches the intermediate temperature. More preferably still, 
this may include commencing the heating within less than 1 x 10 2 milliseconds 
after the workpiece reaches the intermediate temperature. This may include 
20 commencing the heating within less than 1 x 10 1 milliseconds after the 

workpiece reaches the intermediate temperature. 

Pre-heating preferably includes pre-heating the workpiece for a time period 
greater than a thermal conduction time of the workpiece. Conversely, heating 
preferably includes heating the surface for a time period less than a thermal 
25 conduction time of the workpiece. 

Heating may include commencing the heating in response to an indication that 
the temperature of the workpiece is at least the intermediate temperature. The 
method may further include producing the indication. 
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Pre-heating preferably includes irradiating the workpiece. This may include 
exposing the workpiece to electromagnetic radiation produced by an arc lamp. 
Alternatively, or in addition, this may include exposing the workpiece to 
electromagnetic radiation produced by at least one filament lamp. 

5 Pre-heating preferably includes pre-heating the workpiece at a rate of at least 

100°C per second. This may include pre-heating the workpiece at a rate of at 
least 400°C per second. 

Heating the surface of the workpiece preferably includes irradiating the surface. 
This may include exposing the surface to electromagnetic radiation produced by 
10 a flash lamp. Alternatively, this may include moving a laser beam across the 

surface. 

The method may further include absorbing radiation reflected and thermally 
emitted by the workpiece. Absorbing may include absorbing the radiation in a 
radiation absorbing environment. This may include absorbing the radiation in at 
1 5 least one radiation absorbing surface. 

The method may further include cooling the at least one radiation absorbing 
surface. 

In accordance with another aspect of the invention, there is provided a system 
for heat-treating a workpiece. The system includes a pre-heating device 
20 operable to pre-heat the workpiece to an intermediate temperature, and a 

heating device operable to heat a surface of the workpiece to a desired 
temperature greater than the intermediate temperature, and operable to 
commence the heating of the surface substantially immediately when the 
workpiece reaches the intermediate temperature. 



25 



The heating device and the pre-heating device may be operable to carry out the 
various methods described above and elsewhere herein. 
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The system may further include a temperature indicator operable to produce an 
indication of a temperature of the workpiece, in which case the heating device 
may be operable to commence the heating in response to an indication from the 
temperature indicator that the temperature of the workpiece is at least the 
5 intermediate temperature 

The pre-heating device may include means for irradiating the workpiece. The 
pre-heating device may include an irradiance source operable to irradiate the 
workpiece. The irradiance source may includes an arc lamp. Or, the irradiance 
source may include at least one filament lamp. Alternatively, the pre-heating 
1 0 device may include a hot body locatable to pre-heat the workpiece. 

The heating device may include means for irradiating the surface. The heating 
device may include an irradiance source operable to irradiate the surface. The 
irradiance source may include a flash lamp. Alternatively, the irradiance source 
may include a laser. 

The system may further include a radiation absorbing environment operable to 
absorb radiation reflected and thermally emitted by the workpiece. Similarly, the 
system may further include at least one radiation absorbing surface operable to 
absorb radiation reflected and thermally emitted by the workpiece. The system 
may further include a cooling subsystem operable to cool the at least one 
radiation absorbing surface. 

In accordance with another aspect of the invention, there is provided a system 
for heat-treating a workpiece. The system includes means for pre-heating the 
workpiece to an intermediate temperature, and means for heating a surface of 
the workpiece to a desired temperature greater than the intermediate 
25 temperature, including means for commencing the heating substantially 

immediately when the workpiece reaches the intermediate temperature. 

In accordance with another aspect of the invention, there is provided a 
semiconductor heating apparatus. The apparatus includes a first heating source 
for heating a first surface of a semiconductor wafer, and a second heating 
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source for heating a second surface of the semiconductor wafer The apparatus 
further includes a first cooled window disposed between the first heating source 
and the semiconductor wafer. 

The first cooled window may include a first optically transparent plate cooled by 
a cooling fluid. The first cooled window may further include a second optically 
transparent plate separated from the first optically transparent plate to define a 
passageway through which the cooling fluid may flow. 

The cooling fluid may include water. 

The first optically transparent plate may be formed from quartz, as may be the 
second optically transparent plate. 

The semiconductor heating apparatus may further include a second cooled 
window disposed between the second heating source and the semiconductor 
wafer. 

The first cooled window preferably absorbs radiation thermally emitted by the 
semiconductor wafer. In this regard, the first cooled window preferably absorbs 
radiation to controllably cool the semiconductor wafer at a rate of at least 100°C 
per second. 

The second cooled window may absorb radiation to controllably cool the 
semiconductor wafer at a rate of at least 100°C per second. 

The first heating source may include an arc lamp. This may include an array of 
arc lamps if desired. Similarly, the second heating source may include an arc 
lamp, which may include an array of arc lamps if desired. 

Or, the first heating source may include a tungsten lamp or array of tungsten 
lamps. 
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The semiconductor heating apparatus may further include a chamber housing 
the semiconductor wafer, wherein the chamber has one or more walls with a 
radiation-absorbing surface. 

Alternatively, the apparatus may include a chamber housing the semiconductor 
5 wafer, wherein the chamber has one or more walls with a radiation-reflecting 

surface. If so, the chamber walls may be inwardly tapered at an angle from 2 to 
6 degrees from perpendicular. 

If desired, the enhanced cooling of the bulk of the workpiece may be carried out 
by absorbing radiation reflected by or thermally emitted by the workpiece. In one 

10 exemplary embodiment, the workpiece is isolated from a heating source by a 

cooled window and radiation thermally emitted by the workpiece is absorbed by 
the cooled window. In another embodiment, the workpiece is held within a 
radiation absorbing chamber and radiation reflected by or thermally emitted by 
the workpiece is absorbed by one or more walls of the chamber. Further 

15 embodiments combine one or more such cooled windows with such a radiation 

absorbing chamber. 

If a cooled window is used, the cooled window may include a first optically 
transparent plate that is cooled by flow of a cooling fluid. The cooled window 
may further include a second optically transparent plate spaced apart from the 

20 first optically transparent plate to define at least one channel between the first 

and second optically transparent plates, and the cooling fluid may be pumped 
through that channel. The optically transparent plates may be formed from a 
material generally transparent to the radiant energy emitted by the radiant 
sources used to heat the workpiece. One such optically transparent material to 

25 form the optically transparent plate is quartz, although sapphire, glass or other 
materials may be substitutable depending upon the heating devices used. The 
cooling fluid may include a liquid, such as water In one embodiment, the cooled 
window absorbs radiation with wavelengths of about 1.4 urn and above, which 
are the radiant wavelengths where most of the radiation is expected to be 

30 emitted by a workpiece such as a silicon semiconductor wafer. 
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A semiconductor heating apparatus according to one embodiment of the 
invention includes a first heating source for heating a first surface of the 
semiconductor wafer, and a second heating source for heating a second surface 
of the semiconductor wafer, with a first cooled window disposed between the first 
5 heating source and the semiconductor wafer; and a second cooled window 

disposed between the second heating source and the semiconductor wafer. 
The cooled windows isolate the heating sources from the semiconductor wafer to 
prevent contamination. In addition, the cooled windows act to controllably cool 
the wafer by absorbing radiation thermally emitted by or reflected by the wafer. 
10 Preferably, the cooled windows absorb radiation at a rate high enough to 

achieve a cooling rate of 150 to 180 °C per second to controllably cool the 
semiconductor wafer. 

Preferably, the first cooled window includes a first optically transparent plate 
cooled by a cooling fluid. Most preferably, the first cooled window further 
15 includes a second optically transparent plate separated from the first optically 

transparent plate to define at least one passageway or channel through which 
the cooling fluid may flow. The preferred cooling fluid is a liquid such as water. 
The preferred material for forming the optically transparent plates is quartz. 

In some exemplary embodiments the first and second heating sources are arc 
20 lamps or arrays of arc lamps. Either one of the first and second heating sources 
may also be a tungsten lamp or array of tungsten lamps. 

One embodiment has one or more chambers for housing the semiconductor 
wafer during heat-treating, wherein the chambers have sidewalls with radiation 
reflecting surfaces. However, the semiconductor heating apparatus may further 
25 include a chamber for housing the semiconductor wafer, wherein the chamber 

has one or more sidewalls with radiation-absorbing surfaces. The radiation- 
absorbing surfaces further assist in controllably cooling the semiconductor wafer. 

In embodiments where the workpiece is a semiconductor wafer for example, pre- 
heating the workpiece may include irradiating a substrate side of the wafer, and 
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heating the surface of the workpiece may include irradiating a device side of the 
wafer. Due to the greater uniformity of the emissivity across the substrate side 
of the wafer as compared to the device side, the irradiation of the substrate side 
to pre-heat the wafer results in significantly greater temperature uniformity in the 
wafer, and therefore significantly less thermal stress damage, than other 
methods that deliver the entire annealing energy to the device side of the wafer. 
In contrast, if the device side alone was irradiated to heat the device side from 
room temperature to 1050°C for example, then an emissivity difference of 10% 
between different devices on the device side may result in a lateral temperature 
difference of approximately 100°C, which is well in excess of current tolerable 
temperature difference limits, and may therefore cause thermal stress damage to 
the devices and to the lattice. 

Other aspects and features of the present invention will become apparent to 
those ordinarily skilled in the art upon review of the following description of 
specific embodiments of the invention in conjunction with the accompanying 
figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In drawings which illustrate embodiments of the invention, 

Figure 1 is a block diagram of a system for heat-treating a workpiece 
according to a first embodiment of the invention; 

Figure 2 is a schematic side view of a system for heat-treating a workpiece 
according to a second embodiment of the invention (shown with a 
side wall removed); 

Figure 2A is a cross-sectional view in side elevation of a heating device and a 
filtering device of the heat-treating system shown in Figure 2; 

Figure 3 is a flowchart of a heat-treating routine executed by a processor 
circuit of the system shown in Figure 2; 
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Figure4 is a graphical representation of a temperature-time profile of a 
surface of the workpiece shown in Figure 2 during a thermal cycle 
according to the second embodiment of the invention; 

Figure 5 is a schematic side view of a system for heat-treating a workpiece 
according to a third embodiment of the invention (shown with a 
side wall removed); 

Figure 6 is a schematic side view of a system for heat-treating a workpiece 
according to a fourth embodiment of the invention (shown with a 
side wall removed); 

Figure 6A is a cross-sectional view in side elevation of a heating device and a 
filtering device of the heat-treating system shown in Figure 6; 

Figure 7 is a schematic side view of a system for heat-treating a workpiece 
according to a fifth embodiment of the invention (shown with a side 
wall removed); 

Figure 7A is a cross-sectional view in side elevation of a heating device and a 
filtering device of the heat-treating system shown in Figure 7; and 

Figure 8 is a schematic side view of a system for heat-treating a workpiece 
according to a sixth embodiment of the invention (shown with a 
side wall removed). 

DETAILED DESCRIPTION 

Referring to Figure 1, a system for heat-treating a workpiece according to a first 
embodiment of the invention is shown generally at 20. The system includes a 
pre-heating device 22 operable to pre-heat the workpiece 24 to an intermediate 
temperature, and a heating device 26 operable to heat a surface 28 of the 
workpiece to a desired temperature greater than the intermediate temperature. 
The system further includes a cooling enhancement system 29 for enhancing 
cooling of the workpiece to a temperature below the intermediate temperature. 
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Svstem 

Referring to Figure 2, a system for heat-treating a workpiece according to a 
second embodiment of the invention is shown generally at 30. The system 30 
includes a pre-heating device 32, operable to pre-heat a workpiece 34, which in 
5 this embodiment is a semiconductor wafer, to an intermediate temperature. The 
system further includes a heating device 36, which in this embodiment is 
operable to heat a surface 38 of the workpiece 34 to desired temperature greater 
than the intermediate temperature. 

In this embodiment, the pre-heating device 32 is operable to pre-heat the 
10 workpiece 34 from an initial temperature to the intermediate temperature, and 

the heating device 36 is operable to heat the surface 38 of the workpiece 34 to 
the desired temperature, which is greater than the intermediate temperature by 
an amount less than or equal to about the difference between the intermediate 
and initial temperatures. In other words, a significant portion of the heating 
15 occurs during the heating from the initial temperature to the intermediate 

temperature. In this embodiment, the heating device is operable to commence 
the heating within less time following the first time period than the first time 
period. More particularly, in this embodiment the heating device is operable to 
commence the heating of the surface substantially immediately when the 
20 workpiece reaches the intermediate temperature. 

Also in this embodiment, the pre-heating device 32 includes a first irradiance 
source 40 operable to irradiate a first side 42 of the workpiece 34 to pre-heat the 
workpiece 34 to the intermediate temperature. The heating device 36 includes a 
second irradiance source 44 operable to irradiate a second side 46 of the 
25 workpiece 34, which in this embodiment is co-extensive with the surface 38 of 
the workpiece 34, to heat the second side 46 to the desired temperature greater 
than the intermediate temperature. Note, however, that in an alternative 
embodiment, the heating device 36 also may be activated while the pre-heating 
device 32 is activated for pre-heating the workpiece. Thus, if desired, the pre- 
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heating may be achieved by using both the heating device 36 and the pre- 
heating device 32. 

As the workpiece 34 in the present embodiment is a semiconductor wafer, the 
heat-treating system 30 effectively acts as a semiconductor heating apparatus. 

5 Process Chamber 

Still referring to Figure 2, in this embodiment, the system 30 includes a cooling 
enhancement system shown generally at 47 for enhancing cooling of the 
workpiece to a temperature below the intermediate temperature. In this 
embodiment, the cooling enhancement system 47 includes an absorption system 

10 operable to absorb radiation thermally emitted by the workpiece. More 

particularly, in this embodiment the absorption system includes a radiation 
absorbing environment operable to absorb radiation reflected and thermally 
emitted by the workpiece 34. More particularly still, in this embodiment the 
radiation absorbing environment is provided by a radiation absorbing chamber 

15 48 surrounding the workpiece 34. The radiation absorbing chamber 48 includes 

walls 50, 52, 54 and 56, each of which acts as a radiation absorbing surface 
operable to absorb the radiation reflected and thermally emitted by the 
workpiece 34. Thus, in this embodiment, the absorption system of the cooling 
enhancement system 47 includes a radiation absorbing surface, which in turn 

20 includes a wall of a radiation absorbing chamber. 

In this embodiment the walls 50, 52, 54 and 56 are made of black stainless steel. 
Alternatively, other suitable radiation-absorbing materials may be used, such as 
anodized aluminum, for example. As a further alternative, the walls may be 
composed of virtually any thermally conductive material and coated with a 
25 radiation-absorbing substance, such as paint containing graphite, for example. 

In this embodiment, the absorption system of the cooling enhancement system 
47 further includes a selective-filtering system, discussed in greater detail below. 
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Generally, the radiation-absorbing effect of the cooling enhancement system 47, 
or more particularly of the radiation absorbing chamber 48, serves to increase 
the response time of the system 30, so that the workpiece 34 begins to cool 
more quickly after the pre-heating and heating devices 32 and 36 are switched 
5 off than it would if a reflective chamber were substituted for the radiation 

absorbing chamber 48. This increased system response time results in a more 
sharply-defined temperature profile in which the surface 38 of the workpiece 34 
spends less time at the highest temperatures involved in any given thermal 
cycle. Where the workpiece 34 is an ion-implanted semiconductor wafer, this 

10 tends to reduce the dopant diffusion depth during the thermal cycle, allowing for 
the formation of shallower junctions. In addition, using the radiation absorbing 
chamber 48 reduces possible damage to the crystal lattice of such a workpiece, 
as compared to systems using reflective chambers, which non-uniformly reflect 
radiation back to the workpiece which then non-uniformly absorbs such radiation, 

15 giving rise to increased thermal gradients and thermal stress in the workpiece. 

The cooling enhancement system 47 not only improves the uniformity of the 
heating of the workpiece by removing any such re-reflections during the heating 
stages, but additionally, during the cooling stages when the heating sources are 
deactivated, the cooling enhancement system enhances cooling of the 

20 workpiece by preventing radiation thermally emitted by the workpiece from being 
reflected back to the workpiece, which would tend to re-heat the workpiece. 
Thus, the overall rate of cooling is enhanced by the effect of the absorption 
system of the cooling enhancement system 47, thereby further reducing dopant 
diffusion in the workpiece. In this embodiment, the cooling enhancement system 

25 47 allows the workpiece to cool at a rate of at least 100X per second, or more 
particularly, at a rate of at least 180°C per second. Alternatively, however, a 
reflective chamber may be substituted for the radiation absorbing chamber 48, if 
desired, which would increase the energy efficiency of the thermal cycle at the 
expense of greater dopant diffusion and thermal stress in the workpiece. 

30 In this embodiment, the system 30 further includes a cooling subsystem 58 

operable to cool the radiation absorbing surfaces of the walls 50, 52, 54 and 56 
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of the radiation absorbing chamber 48. More particularly, in this embodiment the 
cooling subsystem 58 is a water circulation system, although alternatively other 
cooling enhancement systems may be substituted. Alternatively, the cooling 
subsystem 58 may be omitted, although this would be undesirable if radiation 
5 absorbing surfaces are such as walls 50, 52, 54 and 56 are provided, as the 

radiation absorbing surfaces would otherwise tend to become hot and thermally 
emit radiation, which would continue to heat the workpiece 34 after the pre- 
heating and heating devices 32 and 36 are deactivated, thereby slowing the 
response time of the system 30. For a similar reason, in the present 

10 embodiment, in which the cooling enhancement system 47 includes a selective- 

filtering system (discussed in greater detail further below) such as one or more 
water-cooled windows, the cooling subsystem 58 may also be used to cool the 
selective-filtering system. Similarly, the cooling subsystem 58 may be used to 
cool any other windows of the system 30, such as a window 53 discussed below, 

15 for example. 

In this embodiment the system 30 further includes a temperature indicator 60 
operable to produce an indication of a temperature of the workpiece. More 
particularly, in this embodiment the temperature indicator 60 includes a 
measuring system such as that disclosed in commonly-owned United States 

20 Patent No. 6,303,411, issued October 16, 2001, which is incorporated herein by 

reference. Thus, in the present embodiment the temperature indicator 60 
includes a charge-coupled device (CCD) mounted beneath a quartz window 53 
in the wall 52 of the radiation absorbing chamber 48, and further includes a CCD 
optics system (not shown) and a band-pass filter (not shown) interposed 

25 between the CCD and the window 53, and a radiation sensor (not shown) 

mounted on a lower surface of an internal wall 57 of the radiation absorbing 
chamber 48. Alternatively, other temperature indicators, such as a pyrometer for 
example, may be substituted for the temperature indicator. As a further 
alternative, the temperature of the workpiece 34 may simply be predicted from 

30 the power supplied to the workpiece, without the necessity of directly measuring 

the workpiece temperature. 
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The internal wall 57 in the radiation absorbing chamber 48 extends between the 
walls 50 and 56 of the radiation absorbing chamber. An annular guard ring 61 is 
set in a disc-shaped opening 59 in the internal wall 57 and extends radially 
inward into the opening 59. The guard ring 61 includes the same or similar 
5 material as the workpiece, which in this embodiment is a silicon semiconductor 

wafer. The guard ring is used to reduce edge effects during the thermal cycle, 
and acts as a locator for locating the workpiece in a desired position relative to 
the pre-heating and heating devices 32, 36. Alternatively, other means for 
supporting the workpiece may be substituted. 

10 In addition, if desired, the radiation absorbing chamber 48 may include gas flow 

ports (not shown) and flow controllers (not shown) for controlling gas flows in the 
vicinity of the workpiece, although such elements are not necessary for typical 
annealing applications. 

Workpiece 

15 Still referring to Figure 2, in this embodiment, the workpiece 34 is a 

semiconductor wafer. More particularly, in this embodiment the semiconductor 
wafer is a silicon wafer used in the manufacture of semiconductor chips, such as 
microprocessors and memory devices, for example. The first side 42 of the 
workpiece 34 is a substrate side, while the second side 46 is a device side. 

20 Thus, as shown in Figure 2, in this embodiment, the first and second irradiance 

sources 40 and 44 are locatable to irradiate the substrate side and the device 
side, respectively, of a semiconductor wafer. The device side (the second side 
46) of the silicon wafer workpiece 34 has been previously subjected to an ion 
implantation process, such as ultra-low energy boron implantation for the 

25 formation of shallow p+/n junctions, for example, to implant impurity or dopant 

atoms into surface regions of the device side. As a result of such ion 
implantation, the workpiece suffers crystalline lattice damage, and the boron 
implants tend to remain concentrated largely at interstitial locations where they 
are electrically inactive, in a high boron concentration layer produced by the 

30 implant in the vicinity of the second side 46. Therefore, the workpiece 34 must 
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be subjected to an annealing process to force the implants into substitutional 
sites in the lattice of the silicon wafer, thereby rendering them electrically active, 
and to repair the crystalline lattice damage suffered during ion implantation. 

Alternatively, however, embodiments of the present invention have applications 
5 beyond mere activation of implanted dopants and therefore the workpiece 34 

may alternatively include a wafer that is to be annealed for different purposes. 
For example, other embodiments of the heat-treating methods and systems 
exemplified herein may be applied to anneal layers of metals, oxides, nitrides, 
silicides, silicates or transition metal oxides on regions of the wafer. Similarly, 
10 other embodiments may also be used to thermally oxidize or to thermally 

nitridize regions of the wafer, or to drive chemical vapor deposition of layers on 
the wafer, or to drive solid state reactions within the bulk and the near surface 
regions of the wafer, to name but a few examples. 

More generally, it is expected that many types of workpieces that include a base 
15 material coated with a plurality of layers of differing materials may benefit from 

embodiments of the heat-treating methods exemplified herein. In this regard, the 
base material may include a semiconductor such as silicon, silicon carbide or 
gallium arsenide, for example, but alternatively, may include a magnetic medium 
used to fabricate memory media or magnetic read / write heads, or may include 
20 a glass used to fabricate flat panel displays, for example. Such workpieces may 

or may not have been subjected to a surface modification process such as pre- 
amorphization, and the layers may be either laterally continuous or 
discontinuous (as a result of intentional patterning) across the surfaces of the 
base material, or a combination of continuous and discontinuous layers. 

25 More broadly, however, the workpiece 34 need not be any of the above types of 
workpieces, but may alternatively include any other type of workpiece that would 
benefit from the heat-treating methods and systems disclosed herein. 
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Pre-heating Device 

Still referring to Figure 2, in this embodiment, the pre-heating device 32, or more 
particularly the first irradiance source 40, includes an arc lamp 62 operable to 
irradiate the workpiece 34 with electromagnetic radiation. More particularly, in 
this embodiment the arc lamp 62 is a 500 kW double water wall argon plasma 
arc lamp available from Vortek Industries Ltd. of Vancouver, British Columbia, 
Canada. An example of such an arc lamp is disclosed in commonly-owned 
Patent Cooperation Treaty application Serial No. PCT/CA01/00051, published 
July 26, 2001 under Publication No. WO 01/54166, which is hereby incorporated 
herein by reference. Such arc lamps provide numerous advantages for 
semiconductor annealing as compared to tungsten filament lamp sources. For 
example, as a result of the low thermal mass of argon plasmas, the response 
time of the arc lamp 62 is on the order of 0.1 or 0.2 ms or less, which is not only 
faster than a thermal conduction time for a silicon wafer but is also three orders 
of magnitude faster than response times of typical tungsten filament lamps. The 
arc lamp 62 thus permits a faster thermal cycle resulting in less dopant diffusion 
than tungsten filament annealing systems. In addition, the arc lamp 62 produces 
over 95% of its spectral distribution below the 1.2 urn band gap absorption of 
cold silicon, as compared to 40% for typical tungsten lamp sources, resulting in 
greater heating efficiency. Also, the plurality of tungsten filament lamps in a 
typical tungsten annealing system are not perfectly calibrated with one another 
and their irradiance spectra also change over time due to changes in the 
filament, accumulation of deposits on lamp bulb surfaces, etc. Therefore, the 
use of the single arc lamp 62, whose irradiance does not appreciably change 
over time, increases the uniformity of irradiation of the workpiece, resulting in 
lower thermal gradients in the workpiece and less corresponding thermal 
damage to the lattice, and eliminates the need for frequent calibration and re- 
calibration of a large number of energy sources, such as an array of tungsten 
lamps, for example. Similarly, the long lifetime of the arc lamp 62 eliminates the 
need for frequent replacement and re-calibration of burned-out bulbs. 
Alternatively, however, other types of pre-heating devices, including even 
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tungsten filament lamp sources or arrays of such lamp sources, may be 
substituted. 

In this embodiment the pre-heating device 32 further includes a reflector 64. The 
reflector 64 is formed by a series of flat segments forming a trough shape, so as 
to cooperate with the arc lamp 62 to produce a generally uniform irradiance field. 
In this embodiment, the reflector 64 includes a reflector manufactured by Vortek 
Industries Ltd., of Vancouver, Canada. Alternatively, the reflector 64 may be 
omitted or replaced with other reflectors, although it is desirable that the 
irradiance field be generally uniform. 

The arc lamp 62 is positioned at a focal point of the reflector 64, and the arc 
lamp 62 and the reflector 64 are positioned to irradiate the first side 42 of the 
workpiece 34 with a substantially uniform irradiance field at an angle of incidence 
of 45 degrees relative to the surface of the first side 42 of the workpiece. 

In this embodiment, the radiation absorbing chamber 48 further includes a quartz 
window 65 extending between the walls 52 and 56 of the radiation absorbing 
chamber. The quartz window 65 serves to isolate the arc lamp 62 and reflector 
64 from the interior of the radiation absorbing chamber 48, to prevent 
contamination of the workpiece, lamp or reflector. 

In the present embodiment, the pre-heating device 32 further includes a 
continuous power supply (not shown) for supplying power to the arc lamp 62 for 
continuous operation to pre-heat the workpiece. In this regard, the pre-heating 
device of the present embodiment is operable to pre-heat the workpiece at a rate 
of at least 100°C per second, up to an intermediate temperature in the range of 
from 600°C to 1250°C. More particularly, in this embodiment the ramp rate is at 
least 250°C per second, or more particularly still, the rate is at least 400°C per 
second. To achieve such ramp rates, the arc lamp 62 is capable of irradiating 
the first side 42 of the workpiece with an intensity of approximately 1x1 0 2 W/cm 2 
to achieve a ramp rate moderately in excess of 250°C per second, or an intensity 
of approximately 1.4x10 2 W/cm 2 to achieve a ramp rate moderately in excess of 
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400°C per second, such radiation intensities being determined by the input 
power supplied to the arc lamp. Alternatively, the arc lamp is capable of 
accepting a continuous range of input power levels and accordingly, faster or 
slower ramp rates may be substituted, although slower rates tend to result in 
5 increased dopant diffusion, and much faster rates (on the order of the thermal 
lag time of the workpiece, for example) may result in larger thermal gradients in 
the workpiece. For example, ramp rates on the order of 50°C per second may 
well be adequate for some applications, whereas much faster ramp rates may be 
acceptable for other applications. 

10 Additionally, in the present embodiment the system 30 includes a corrective 

energy source 66 mounted beneath a quartz window 67 in the wall 52 of the 
radiation absorbing chamber 48. The corrective energy source supplies 
additional heating to cooler regions of the workpiece 34 during a thermal cycle, 
to increase the uniformity of the temperature distribution in the workpiece, 

15 thereby reducing lattice damage caused by thermal stresses. More particularly, 

in this embodiment the corrective energy source is similar to that disclosed in the 
above-noted commonly-owned U.S. Patent No. 6,303,411. Alternatively, 
however, the corrective energy source 66 may be omitted entirely, or other types 
of corrective energy sources may be substituted. 

20 Heating Device 

Still referring to Figure 2, in this embodiment the heating device 36, or more 
particularly the second irradiance source 44, includes a source of thermal flux 
energy, to rapidly heat the surface 38 to the desired temperature. More 
particularly, in this embodiment the heating device 36 includes a flash lamp 68 

25 operable to irradiate the workpiece 34, or more particularly the surface 38, with 

electromagnetic radiation. The flash lamp 68 includes a VORTEK(™) double 
water wall arc lamp similar to that disclosed in the above-noted commonly- 
owned Patent Cooperation Treaty application Serial No PCT/C A0 1/00051. The 
flash lamp 68 includes a power supply system 69, which in this embodiment 

30 includes not only a continuous power supply similar to that provided in the pre- 
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heating device 32 for operating the flash lamp in a continuous mode if desired, 
but also includes a pulsed discharge unit that may be pre-charged then abruptly 
discharged in order to supply a "spike" of input power to the flash lamp 68. More 
particularly, in this embodiment the power supply system 69 of the flash lamp 
includes a power supply model number VT-20 pulsed discharge unit 
manufactured by Rapp OptoElectronin of Hamburg, Germany, operable to 
produce pulses of up to 60 kJ within a one-millisecond discharge time. 
Alternatively, other types of power supplies operable to supply abrupt spikes of 
input power may be substituted. For example, a power supply model number 
PS5010 manufactured by EKSMA Company of Vilnius, Lithuania may be 
suitable for many applications. Preferably, any such power supply has a 
switching frequency of at least 2 kHz, and a power output of at least 500 kW, 
however, these preferred characteristics are not essential and may be varied if 
desired. 

More generally, other types of flash lamps, or more broadly, other heating 
devices, may be substituted. However, the VORTEK(™) double water wall arc 
lamp is preferred, as it can produce much higher-powered flashes than other 
types of heating devices. In this regard, the heating device 36 preferably 
includes a minimal number of heat sources, most preferably a single source, in 
order to simplify control of the heating device and to improve uniformity of the 
irradiance field, without the need for ongoing calibration of a large number of 
sources. Use of an arc lamp is favored because the arc lamp has significantly 
higher power output capabilities as compared to other types of heat sources, 
such as tungsten filament lamps, for example. Conventional arc lamps may 
experience difficulties in producing a flash at the power levels disclosed herein, 
due to severe thermal stresses imposed upon the quartz windows surrounding 
the arc resulting not only from conduction of heat from the arc, but also from 
absorption within the quartz windows of radiation from the arc. In conventional 
arc lamps, these resulting thermal stresses may cause the quartz window 
surrounding the arc to violently shatter. The VORTEK (™) double water wall arc 
lamp addresses these difficulties, and is therefore capable of safely producing 



-31- 

much higher-power flashes than conventional arc lamps, making it ideally suited 
for the application of the present embodiment where a single lamp or limited 
number of lamps are used. 

In response to a discharge of the power supply system 69, the flash lamp 68 is 
5 operable to produce a flash of electromagnetic radiation with a power output of 4 

- 6 MW ranging from 1 - 5 ms in duration. For example, a 6 MW flash of 1 ms 
duration may be advantageous for some applications. By producing such a flash 
when the workpiece is at the intermediate temperature, the heating device 36 is 
operable to heat the surface 38 of the workpiece from the intermediate 
10 temperature to the desired temperature. In embodiments where the workpiece 
34 is a silicon semiconductor wafer, the heating device is operable to heat the 
surface 38 to a desired temperature which is usually in the range of 1050°C to 
1430°C. 

The flash lamp 68 is advantageous for the purposes of the present embodiment, 

15 in comparison to other ultra-fast heating devices. For example, although 

excimer lasers have been previously used for some annealing purposes, the 
monochromatic radiation produced by a laser tends to give rise to optical 
interference effects produced by thin films which coat the surface of a 
semiconductor wafer workpiece and which are intentionally laterally 

20 inhomogeneous. Such optical interference effects produce lateral temperature 

gradients which result in thermal stress damage to the lattice of the workpiece. 
The flash lamp 68 is less susceptible to such interference effects than lasers, 
due to the broader spectrum of the electromagnetic radiation produced by the 
flash lamp. In addition, laser annealing typically requires multiple heating cycles, 

25 such as hundreds of cycles for example, to anneal the entire workpiece surface, 

and accordingly, if a laser were substituted as the heating device, the workpiece 
likely would spend a longer amount of time at the intermediate temperature, 
resulting in deeper dopant diffusion. Also, use of a laser as the heating device 
tends to produce lower quality junctions than the flash lamp, resulting in higher 

30 current leakage. In addition, the faster ramp time associated with lasers 
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(typically two orders of magnitude.faster than that associated with the flash lamp) 
tends to produce higher thermal gradients, increasing the likelihood of lattice 
damage. Finally, due to the extremely shallow heat penetration resulting from 
laser annealing, it is sometimes not possible to achieve proper annealing of a 
5 desired layer such as a thin gate that lies underneath an intervening layer, due to 
"shadowing" by the intervening layer, whereas in contrast the flash lamp tends to 
heat the entire surface region, including the intervening and underlying layer, to 
sufficient annealing temperatures. 

Alternatively, however, if desired, other types of heating devices may be 
substituted for the flash lamp 68. For the purposes of the present embodiment, it 
is desirable that any alternative heating device have a response time faster than 
the thermal conduction time of the workpiece 34 (typically on the order of 10 - 15 
ms) and be capable of heating the second side 46 of the workpiece from the 
intermediate temperature to the desired temperature in less time than the 
thermal conduction time of the workpiece, so that the bulk of the workpiece 34 
will remain at substantially the intermediate temperature in order for the bulk to 
act as a heat sink to facilitate rapid cooling of the second side 46 from the 
desired temperature to the intermediate temperature. 

In this embodiment, the heating device 36 further includes a reflector 70. In this 
20 embodiment the reflector 70 is formed by a series of flat segments forming a 

trough shape, so as to cooperate with the flash lamp 68 to produce a generally 
uniform irradiance field. In this embodiment, the reflector 70 includes a reflector 
manufactured by Vortek Industries Ltd., of Vancouver, Canada. Alternatively, 
the reflector 70 may be omitted or replaced with other reflectors, although it is 
25 desirable that the irradiance field be generally uniform. 

The flash lamp 68 is positioned at a focal point of the reflector 70, and the flash 
lamp and the reflector are positioned to irradiate the second side 46 of the 
workpiece 34 with a substantially uniform irradiance field at an angle of incidence 
of 45 degrees relative to the surface of the second side 46 of the workpiece 34. 
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In this embodiment, the radiation absorbing chamber 48 further includes a quartz 
window 71 extending between the walls 50 and 54 of the radiation absorbing 
chamber. The quartz window 71 serves to isolate the flash lamp 68 and the 
reflector 70 from the interior of the radiation absorbing chamber 48, to prevent 
5 contamination of the workpiece 

Selective-filtering System 

Referring to Figure 2, in this embodiment the absorption system of the cooling 
enhancement system 47 includes a selective-filtering system. More particularly, 
the selective-filtering system includes a first filtering device, which in this 

10 embodiment includes the quartz window 65. The first filtering device, or more 

particularly, the quartz window 65, is interposed between the pre-heating device 
32 and the workpiece 34, and is configured to transmit radiation produced by the 
pre-heating device to the workpiece, to pre-heat the workpiece to the 
intermediate temperature. More particularly still, the first filtering device is 

15 configured to transmit the radiation to a surface of the workpiece, which in this 

embodiment includes the substrate side, referred to herein as the first side 42. 
The first filtering device is further configured to absorb radiation thermally 
emitted by the workpiece. 

Similarly, in this embodiment the selective-filtering system further includes a 
20 second filtering device, which in this embodiment includes the quartz window 71. 

The second filtering device, or more particularly, the quartz window 71, is 
interposed between the heating device 36 and the workpiece 34 and is 
configured to transmit radiation produced by the heating device to the surface 38 
of the workpiece, to heat the surface to the desired temperature greater than the 
25 intermediate temperature. The second filtering device is further configured to 

absorb radiation thermally emitted by the workpiece. 

Referring to Figures 2 and 2A, in this embodiment the second filtering device of 
the selective-filtenng system of the cooling enhancement system 47 includes at 
least one window, which in this embodiment is the quartz window 71. More 
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particularly, in this embodiment the quartz window 71 includes first and second 
spaced apart windows 82 and 84, which in this embodiment are constructed of 
quartz. In this embodiment the windows 82 and 84 are optically transparent, and 
define a fluid channel 86 interposed therebetween. The optically transparent 
5 windows preferably have a thickness in the range of 2 to 10 mm and are spaced 

apart approximately 2 to 5 mm, preferably about 3mm. 

In this embodiment, the heat-treating system 30 further includes the cooling 
subsystem 58 for cooling the selective-filtering system, or more particularly, for 
cooling the first and second filtering devices thereof. To achieve this, in the 

10 present embodiment the cooling subsystem 58 includes a liquid-cooling 

subsystem for causing a liquid to flow across a surface of the window 71. More 
particularly still, in this embodiment the liquid-cooling subsystem causes a liquid 
to flow in a space, namely the fluid channel 86, defined between the windows 82 
and 84. Thus, in this embodiment, a cooling fluid, preferably a liquid such as 

15 water, more preferably purified water and most preferably deionized water is 
pumped through the fluid channel 86. The cooled window 71 having water 
pumped through fluid channel 86 readily transmits visible and near-visible 
radiation (represented by wave lines 85) having wavelengths from about 0.2 to 
14 pm from the flash lamp 68 to the workpiece, yet also absorbs infrared 

20 radiation of wavelengths greater than 1.4 pm emitted from the workpiece 

(represented by wave lines 88). By absorbing longer wavelength radiation 
emitted radiantly by the workpiece, the cooled window 71 actively promotes 
workpiece cooling and reduces or eliminates reflections of workpiece-emitted 
radiation back to the workpiece. This system 30 provides greater control and 

25 maximizes cooling of the workpiece. After absorbing radiation, the water is 

pumped away from the window to further enhance cooling, as such pumping 
prevents the cooled window 71 and the water therein from heating up and 
beginning to thermally emit radiation. Radiation absorbed by the water does not 
return to the workpiece where it would be reabsorbed. In contrast, conventional 

30 highly reflective systems (not radiation absorbing chambers) return most such 

radiation emitted by the wafer back to the wafer. 
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Thus, in this embodiment the cooled window 71 includes a first optically 
transparent plate (the window 82) cooled by a cooling fluid, and further includes 
a second optically transparent plate (the window 84) separated from the first 
optically transparent plate to define a passageway (the fluid channel 86) through 
5 which the cooling fluid may flow. 

In this embodiment, the quartz window 65 shown in Figure 2 interposed between 
the pre-heating device 32 and the workpiece 34 is structurally similar to the 
quartz window 71. Therefore, in this embodiment the window 65 is also liquid- 
cooled, or more particularly, is a water-cooled quartz window. 

10 Thus, in the present embodiment, in which the workpiece 34 is a semiconductor 

wafer, the system 30 effectively acts as a semiconductor heating apparatus, 
including a first heating source (one of the pre-heating device 32 and the heating 
device 36) for heating a first surface of a semiconductor wafer, a second heating 
source (the other one of the pre-heating device 32 and the heating device 36) for 

15 heating a second surface of the semiconductor wafer, and a first cooled window 

(one of the windows 65 and 71) disposed between the first heating source and 
the semiconductor wafer. The apparatus of the present embodiment further 
includes a second cooled window (the other one of the windows 65 and 71) 
disposed between the second heating source and the semiconductor wafer. The 

20 first and second cooled windows absorb radiation thermally emitted by the 

semiconductor wafer, to controllably cool the semiconductor wafer at a rate of at 
least 100°C per second. 

Control Device 

Referring to Figure 2, in this embodiment the system 30 further includes a 
25 processor circuit 72, which in the present embodiment is housed within a general 
purpose computer 74. The processor circuit 72 is in communication with the pre- 
heating device 32 and the heating device 36. In addition, in embodiments such 
as the present embodiment in which the temperature indicator 60 and the 
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corrective energy source 66 are provided, the processor circuit is in further 
communication with such devices. 

In this embodiment (Figure 2), the computer 74 further includes a storage device 
76 in communication with the processor circuit 72. More particularly, the 
5 storage device 76 includes a hard disk drive and a random access memory. The 
computer 74 further includes an input device 78, which in this embodiment is a 
keyboard, and an output device 80, which in this embodiment is a color monitor. 
Alternatively, however, other storage, input and output devices may be 
substituted. Or, as a further alternative, the processor circuit may be omitted 
10 entirely and replaced with any other suitable means for controlling the pre- 
heating and heating devices 32 and 36 in accordance with the methods 
exemplified herein. 

Operation 

Referring to Figures 2, 3 and 4, in this embodiment the storage device 76 shown 
15 in Figure 2 stores blocks of codes for directing the processor circuit 72 to 
execute a heat-treating routine shown generally at 90 in Figure 3. The heat- 
treating routine is executed by the processor circuit in response to user input 
received at the user input device 78 indicating that a heat-treating cycle is to 
commence. 

20 Generally, in this embodiment, the heat-treating routine 90 configures the 
processor circuit 72 to control the pre-heating device 32 and the heating device 
36 to pre-heat the workpiece 34 to an intermediate temperature, and to heat the 
surface 38 of the workpiece 34 to a desired temperature greater than the 
intermediate temperature. In this embodiment, the heating commences within 

25 less time following the first time period than the first time period. More 
particularly, in this embodiment the heating commences substantially 
immediately when the workpiece reaches the intermediate temperature. Also in 
this embodiment, the desired temperature is greater than the intermediate 
temperature by an amount less than or equal to about one-fifth of a difference 
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between the intermediate temperature and an initial temperature of the 
workpiece. 

Generally, throughout the execution of the heat-treating routine 90, the walls 50, 
52, 54 and 56 of the radiation absorbing chamber 48 absorb radiation reflected 
5 and thermally emitted by the workpiece 34, and the quartz windows 65 and 71 

similarly absorb radiation thermally emitted by the workpiece, thus enhancing 
cooling of the workpiece. The cooling subsystem 58 cools these walls and 
windows to prevent them from becoming hot in response to such absorption and 
re-emitting such absorbed energy as blackbody radiation. Alternatively, 
10 however, such absorption and cooling may be omitted at the expense of 
temperature uniformity in the workpiece during the execution of the heat-treating 
routine, and at the further expense of deeper dopant diffusion resulting from 
slower cooling rates. 

The heat-treating routine 90 begins with a first block 100 of codes shown in 
15 Figure 3, which directs the processor circuit 72 to pre-heat the workpiece 34 to 

an intermediate temperature. To achieve this, block 100 directs the processor 
circuit to activate the pre-heating device 32, or more particularly the first 
irradiance source 40, to irradiate the first side 42 of the workpiece 34 to pre-heat 
the workpiece to the intermediate temperature. More particularly, block 100 
20 directs the processor circuit to control the arc lamp 62 shown in Figure 2 to 
continuously irradiate the first side 42 of the workpiece with a constant radiation 
intensity of approximately 1.4x10 2 W/cm 2 , which it has been found is sufficient 
to pre-heat the workpiece at a ramp rate moderately in excess of 400°C per 
second. Thus, in this embodiment irradiating the workpiece involves exposing 
25 the workpiece to electromagnetic radiation produced by an arc lamp. 

Block 100 also directs the processor circuit 72 to initialize the heating device 36, 
which in this embodiment is achieved by charging the power supply system 69 of 
the flash lamp 68 shown in Figure 2. 
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In addition, in embodiments in which the corrective energy source 66 shown in 
Figure 2 is to be used, block 100 further directs the processor circuit 72 to 
control the corrective energy source 66 to produce a desired spatial temperature 
distribution across the workpiece during the pre-heating stage, as described in 
5 greater detail in the above-noted commonly-owned U.S. Patent No. 6,303,411. 

Alternatively, the corrective energy source 66 may be omitted. 

Block 110 then directs the processor circuit 72 to determine whether the 
intermediate temperature has been achieved in the workpiece. In this 
embodiment, block 110 directs the processor circuit to achieve this by monitoring 

1 0 signals received from the temperature indicator 60 shown in Figure 2 indicative 
of the temperature of the workpiece 34. Alternatively, however, block 110 may 
direct the processor circuit to act as a temperature indicator, to produce an 
indication of a temperature of the workpiece based on the time elapsed since the 
pre-heating device was activated at block 100, in view of a predicted heating rate 

15 corresponding to the intensity of radiation incident upon the workpiece, to 

determine whether the intermediate temperature has been achieved. Although 
the magnitude of the intermediate temperature will vary from application to 
application, in the present embodiment the intermediate temperature is 1000°C 
and therefore, this temperature will be achieved in the workpiece after 

20 approximately 2.5 seconds of irradiation of the workpiece by the pre-heating 

device 32. In effect, therefore, blocks 100 and 110 direct the processor circuit to 
control the pre-heating device 32 to pre-heat the workpiece for a time period 
greater than a thermal conduction time of the workpiece (which is on the order of 
10-15 ms). 

25 Upon determining at block 110 that the intermediate temperature has been 

achieved in the workpiece 34, block 120 directs the processor circuit 72 to heat 
the surface 38 of the workpiece 34 to a desired temperature that is greater than 
the intermediate temperature. In this embodiment, the desired temperature 
exceeds the intermediate temperature by an amount less than or equal to about 

30 one-fifth (or more particularly, less than or equal to about one-twentieth) of a 
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difference between the intermediate temperature and the initial temperature of 
the workpiece. As stated, in this embodiment, preferred intermediate 
temperatures are in the range of about 600°C to 1250X, and preferred desired 
temperatures are in the range of about 1050°C to about 1430°C (which very 

5 roughly corresponds to a melting point of silicon). In this embodiment, this 

heating stage commences within less time following the first time period (during 
which the workpiece temperature was increasing to the intermediate 
temperature) than the first time period. More particularly, as a result of the 
execution of block 110 and 120, the heating device 36 is operable to commence 

10 the heating of the surface 38 of the workpiece in response to the indication from 
the temperature indicator 60 that the temperature of the workpiece 34 is at least 
the intermediate temperature, or alternatively, where the temperature indicator is 
omitted for example, the heating device is operable to commence such heating 
at an end of the first time period (during which the temperature of the workpiece 

1 5 was increasing to the intermediate temperature). 

In other words, in this embodiment the heating device 36 is operable to 
commence heating the surface 38 substantially immediately when the workpiece 
34 reaches the intermediate temperature. In this regard, in the present 
embodiment the heating device is operable to commence the heating of the 

20 surface within less than one second after the workpiece reaches the 
intermediate temperature. More particularly, the heating device is operable to 
commence the heating of the surface within less than one-quarter second after 
the intermediate temperature is reached. More particularly still, in this 
embodiment the heating device is operable to commence such heating within 

25 less than 100 milliseconds, or more particularly within 10 milliseconds, after the 

workpiece reaches the intermediate temperature. Effectively, therefore, as the 
thermal conduction time through the workpiece is on the order of 10-15 ms, in 
this embodiment the heating device is operable to commence the heating of the 
surface within an interval following the arrival of the workpiece at the 

30 intermediate temperature, the interval having a duration less than or equal to a 

thermal conduction time of the workpiece. In this regard, for some applications it 
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may be desirable to delay commencement of the heating stage until slightly after 
the deactivation of the pre-heating device, to allow for the thermal lag of the 
workpiece (on the order of 10-15 ms). However, any delay longer than this 10- 
15 ms workpiece conduction time in commencing this heating stage will tend to 

5 increase dopant diffusion in the workpiece. Therefore, in general it is preferable 

not to delay the commencement of the heating stage at all, but if a delay is 
desired for a particular application, it is typically undesirable to "hold" the 
workpiece temperature at the intermediate temperature for longer than the time 
taken to heat the workpiece from its initial temperature to the intermediate 

1 0 temperature. 

To commence the heating stage in the present embodiment, block 120 directs 
the processor circuit 72 to deactivate the pre-heating device 32 (including the 
corrective energy source 66 if a corrective energy source is provided), and to 
activate the heating device 36 to heat the surface 38 of the workpiece to the 

15 desired temperature. More particularly, in this embodiment, block 120 directs 

the processor circuit 72 to commence the heating stage by controlling the 
second irradiance source 44 to irradiate the second side 46 of the workpiece 34 
to heat the second side to the desired temperature, which is greater than the 
intermediate temperature. The processor circuit is directed to achieve this by 

20 signaling the flash lamp 68 shown in Figure 2, to cause the flash lamp power 

supply system 69 to be discharged to produce a short-duration, high energy arc 
in the flash lamp, which irradiates the surface 38 of the workpiece at a power of 
approximately 5 MW, for a duration on the order of 1 ms. Thus, in this 
embodiment irradiating the surface 38 involves exposing the surface to 

25 electromagnetic radiation produced by a flash lamp. 

This flash heats the surface 38 of the workpiece to the desired temperature, 
which in this embodiment is 1050°C. At this high temperature and 
corresponding high kinetic energies, the dopant atoms implanted in the surface 
38 of the workpiece tend to eject silicon atoms from the lattice and occupy 
30 substitutional lattice sites formerly occupied by silicon atoms. The dopants 
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thereby become electrically activated. The displaced silicon atoms tend to 
migrate toward interstitial sinks such as the surface 38 of the workpiece, where 
they tend to be consumed by other processes such as oxidation. 

The heat-treating routine 90 is then ended. 

5 Referring to Figure 4, a temperature-time profile of the surface 38 of the 

workpiece 34 resulting from the foregoing execution of the heat-treating routine 
90 is shown generally at 130. The temperature-time profile 130 has four distinct 
stages, namely, a bulk pre-heating stage 132, a surface heating stage 134, a 
surface cooling stage 136 and a bulk cooling stage 138. 

10 Referring to Figures 2, 3 and 4, the bulk pre-heating stage 132 results from the 

execution by the processor circuit 72 of blocks 100 and 110, and serves to pre- 
heat the workpiece 34 by increasing its temperature over a first time period 133 
from its initial temperature to the intermediate temperature. More particularly, in 
this embodiment, the pre-heating device 32 increases the temperature of the 

15 entire workpiece 34 from its initial temperature (room temperature) to an 

intermediate temperature of 1000°C at a ramp rate of approximately 400'C per 
second. Pre-heating the workpiece in this manner to the intermediate 
temperature, and in particular to an intermediate temperature that is relatively 
close to the desired temperature, serves to reduce the magnitude of the 

20 temperature gradients that occur in the workpiece during the subsequent surface 

heating stage 134 and therefore serves to reduce thermal stress damage to the 
lattice of the workpiece, in comparison to techniques such as laser annealing or 
microwave annealing. However, the relatively fast ramp rate of the bulk pre- 
heating stage 132 and the correspondingly short time period spent by the 

25 workpiece at high temperatures results in much less dopant diffusion in the 
workpiece than other cycles that use slower ramp rates or that hold the 
workpiece at an intermediate temperature before the subsequent heating stage. 
In other words, in this embodiment, the duration of the bulk pre-heating stage 
132, while longer than the thermal conduction time of the workpiece, is short 
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compared to a characteristic time required for unacceptable diffusion to occur at 
the temperatures obtained during the bulk pre-heating stage. 

The surface heating stage 134 results from the flash produced by the heating 
device 36 at block 120, and serves to heat the surface 38 of the workpiece from 
5 the intermediate temperature to the desired temperature. As shown in Figure 4, 

such heating of the surface commences within less time following the first time 
period 133 than the first time period 133. More particularly, in this embodiment 
the heating commences substantially immediately following the end of the first 
time period 133, as soon as the intermediate temperature is achieved in the 

10 workpiece 34. In this embodiment the flash increases the temperature of the 

surface 38 from the intermediate temperature of 1000°C to the desired annealing 
temperature of 1050°C in approximately one millisecond. Due to the short 
duration of the flash (on the order of 1 ms), the heating device 36 is operable to 
heat the surface 38 of the workpiece for a time period less than a thermal 

15 conduction time of the workpiece (on the order of 10-15 ms). Therefore, the 

heating device 36 heats the surface 38 of the workpiece much faster than such 
heat can conduct away from the surface 38 and into the workpiece, and as a 
result, the bulk of the workpiece remains substantially at the intermediate 
temperature while the surface 38 is heated to the desired temperature. 

20 Thus, during the surface cooling stage 136 that immediately follows the flash, the 

relatively cold bulk of the workpiece 34 acts as a heat sink for the surface 38, 
allowing the surface 38 to cool at a significantly faster rate than it would have 
cooled if the entire workpiece had been heated to the desired temperature. This 
rapid cooling continues until the surface 38 has reached the same temperature 

25 as the remainder of the workpiece 34 (approximately the intermediate 

temperature). Typically, the duration of this surface cooling stage 136 is on the 
order of the duration of the surface heating stage 134. As an illustrative 
example, a surface of a silicon semiconductor wafer may cool at a rate of 
10,000°C per second for example, depending on the (intermediate) temperature 

30 of the bulk of the wafer. 
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As a result of this ultra-fast heating and cooling during the surface heating and 
cooling stages 134 and 136, the surface 38 of the workpiece spends 
considerably less time in the high temperature range between the intermediate 
temperature and the desired temperature than it would have if the entire 
workpiece had been heated to the desired temperature. As most of the 
undesirable dopant diffusion occurs at or near the desired annealing 
temperature, this ultra-fast heating and cooling results in less dopant diffusion, 
allowing for the formation of shallower p+/n junctions than previous arc lamp or 
filament lamp annealing systems. At the same time, because the desired 
temperature exceeds the intermediate temperature by an amount less than or 
equal to about one-fifth (or more advantageously in the present embodiment, 
less than or equal to about one-twentieth) of the difference between the 
intermediate and initial temperatures, the temperature gradients in the workpiece 
during these heating and cooling stages are much smaller than those that occur 
in conventional laser annealing techniques, resulting in less thermal stress 
damage to the crystal lattice. 

When the surface 38 has cooled to the same temperature as the bulk of the 
workpiece 34 (approximately the intermediate temperature), the bulk cooling 
stage 138 then commences, in which the surface 38 cools along with the bulk of 
the workpiece 34. In this embodiment, such cooling results largely from 
blackbody radiation thermally emitted by the hot workpiece, but also results 
partly from convection involving gases (if any) in the vicinity of the workpiece. 
The rate of such bulk cooling is strongly dependent on temperature and also 
depends on other factors such as the absorptiveness or reflectivity of the 
chamber, for example. In this embodiment the bulk cooling stage initially 
commences at a ramp rate of approximately -180°C/s, although this rate 
decreases somewhat as the workpiece cools. Advantageously, the radiation 
absorbing properties of the cooling enhancement system 47 and radiation 
absorbing chamber 48 allow faster bulk cooling rates than conventional reflective 
chambers. 
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As discussed above in connection with Figure 2A, additional means to 
controllably cool the workpiece 34 from the intermediate temperature are 
provided. While the thermal flux heating ceases upon de-activation of the flash 
lamp 68, and cooling of the second side 46 from the desired temperature to the 
5 intermediate temperature occurs rapidly during the surface cooling stage 136 as 

discussed above, cooling from the intermediate temperature to room 
temperature (or to a temperature below the intermediate temperature at which 
the workpiece is removed from the system) does not proceed rapidly without 
assistance. Thermal exposure may be undesirably large if the workpiece 

10 remains at or close to the intermediate temperature for prolonged periods (e.g. 

0.3 seconds or longer). The water-cooled walls 50, 52, 54 and 56 of the 
radiation absorbing chamber 48 and the cooled windows 71 and 65 associated 
with the heating device 36 and the pre-heating device 32, absorb radiation 
emitted from the workpiece at wavelengths of 1.4 pm and above. For the 

1 5 example of a silicon semiconductor wafer, this represents on the order of 95% of 

the radiation emitted from the workpiece. In combination, the radiation 
absorbing chamber 48 and cooled windows 71 and 65 thus controllably cool the 
workpiece by removing from the radiation absorbing chamber 48 radiation 
emitted by the workpiece, preventing re-reflections of the radiation onto the 

20 workpiece An example of such controlled cooling is illustrated by the bulk 

cooling stage 138 slope of the graph of Figure 4. 

Although only a single heat-treating routine 90 was described above for 
illustrative purposes, alternatively a plurality of different heat-treating routines 
may be stored in the storage device 76 for directing the processor circuit 72 to 

25 control the system 30 to execute a plurality of different corresponding thermal 

heat-treating cycles for different applications. For example, the workpiece 34 
may be pre-heated for different times and/or at different rates to different 
intermediate temperatures, and the second side 46 of the workpiece may then 
be heated with different power levels for different durations to different desired 

30 temperatures, depending upon the particular application. 
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Further Alternatives 

If desired, pre-heating devices and heating devices other than the arc lamp and 
flash lamp may be substituted. 

For example, referring to Figures 2 and 5, a system for heat-treating a workpiece 
according to a third embodiment of the invention is shown generally at 200 in 
Figure 5. In this embodiment, the pre-heating device 32 includes an alternative 
irradiance source, which in this embodiment includes at least one filament lamp. 
Thus, in this embodiment, irradiating the workpiece includes exposing the 
workpiece to electromagnetic radiation produced by at least one filament lamp. 
More particularly, in this embodiment the pre-heating device 32 includes a disc- 
shaped array 202 of tungsten filament lamps operable to project electromagnetic 
radiation through a quartz window 204 to irradiate the first side 42 of the 
workpiece 34, to pre-heat the workpiece to the intermediate temperature. 
Although there are numerous advantages to using an arc lamp rather than a 
tungsten filament lamp array as the pre-heating device 32, as discussed earlier 
herein, the deeper dopant diffusion that tends to result from tungsten filament 
lamps may not necessarily be fatal for all applications, depending on the 
performance requirements in a particular application. 

As a further example, still referring to Figures 2 and 5, in the alternative system 
200 shown in Figure 5, the heating device 36 includes a source of adiabatic 
energy, to rapidly heat the surface 38 to the desired temperature. More 
particularly, in this embodiment the heating device includes a laser 206, such as 
an excimer laser or other suitable laser, operable to irradiate the surface 38 by 
moving a laser beam 208 across the surface. The laser 206 is operable to 
produce a rapid laser pulse, on the order of microseconds or nanoseconds in 
duration, to heat the surface 38 to the desired temperature. Although the laser 
206 may suffice for applications where the increased thermal stress damage to 
the lattice of the workpiece is not critical, it is noted that in general, the flash 
lamp 68 shown in Figure 2 is preferred, for reasons discussed earlier herein. 
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Referring to Figures 2, 6 and 6A, a system for heat-treating a workpiece 
according to a fourth embodiment of the invention is shown generally at 160 in 
Figure 6. In this embodiment, a single arc lamp 162 functions as both the pre- 
heating device 32 and the heating device 36. The arc lamp 162 is similar to the 
5 arc lamp 62 shown in Figure 2 and includes a reflector 164 for providing a 

substantially uniform irradiance field to irradiate the second side 46 of the 
workpiece, which in this embodiment is a device side of a silicon semiconductor 
wafer. However, the arc lamp 162 further includes a power supply system 166 
similar to the power supply system 69 of the flash lamp 68 shown in Figure 2. 
10 The power supply system 166 includes a pulsed discharge unit similar to that of 

the power supply system 69, which is connected in parallel with a regular 
continuous power supply (not shown) of the arc lamp 162. 

Thus, referring to Figures 2, 3, 4 and 6, the arc lamp 162 may be operated in a 
manner similar to the arc lamp 62 shown in Figure 2 during the bulk pre-heating 

15 stage 132 shown in Figure 4, in accordance with the execution by the processor 

circuit 72 of a modified block 100 of the heat-treating routine 90. When the 
intermediate temperature is achieved in the workpiece, a modified block 110 
directs the processor circuit 72 to disconnect the regular continuous power 
supply to the arc lamp 162, and to discharge the power supply system 166 to 

20 provide an abrupt spike of power to the arc lamp 162, producing a flash of similar 
intensity and duration to that produced by the flash lamp 68 shown in Figure 2. 
Although the system 160 shown in Figure 6 may be less expensive than the 
system 30 shown in Figure 2, the system 160 supplies 100% of the heating of 
the workpiece to the second side 46, which in this embodiment is the device 

25 side, of the workpiece. As the device side is much more inhomogeneous than 

the substrate side (the first side 42) of the workpiece, non-uniform absorption by 
devices on the device side may tend to produce greater lateral temperature 
gradients and corresponding thermal stress damage to the lattice of the 
workpiece than those that would occur using the system 30. This difficulty may 

30 be alleviated somewhat by providing the system 160 with an additional corrective 
energy source 168 locatable to supply additional heat to cooler areas of the 
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device side, whose operation is similar to that of the corrective energy source 66 
shown in Figure 2. 

Referring to Figures 6 and 6A, in this embodiment a cooled window 170 extends 
between the chamber walls to isolate the arc lamp from the workpiece, and 
includes spaced-apart optically transparent windows 172 and 174, preferably 
constructed of quartz, having a fluid channel 176 interposed therebetween. The 
optically transparent windows preferably have a thickness in the range of 3 to 10 
mm and are spaced apart approximately 2 to 5 mm, preferably 3 mm. A cooling 
fluid, preferably a liquid such as water, is pumped through the fluid channel 176. 
The cooled window 170 having water pumped through fluid channel 176 readily 
transmits visible radiation (represented by wave lines 175) from the arc lamp 162 
to the workpiece, yet also absorbs infrared radiation of wavelengths greater than 
1.4 urn emitted from the workpiece (represented by wave lines 178). By 
absorbing radiation in wavelengths emitted radiantly by the workpiece, the 
cooled window 170 actively promotes workpiece cooling and limits or eliminates 
reflections of workpiece-emitted radiation back to the workpiece. This system 
160 provides greater control and maximizes cooling of the workpiece. 
Alternatively, however, the window 170 may be omitted or replaced with other 
suitable window types if desired. 

Referring back to Figures 5 and 6, further variations in the nature, location and 
combinations of the pre-heating and heating devices 32 and 36 are possible. 
For example, lasers other than excimer lasers may be substituted for the flash 
lamp 68 to act as the heating device 36. Or, different types of tungsten filament 
lamp arrays, such as a linear tungsten lamp array, may be substituted for the arc 
lamp 62 to act as the pre-heating device 32. 

As a further alternative, referring to Figures 2, 7 and 7A, a system for heat- 
treating a workpiece according to a fifth embodiment of the invention is shown 
generally at 220 in Figure 7. In this embodiment the pre-heating device 32 
includes a radiant hot body 222 locatable to pre-heat the workpiece to the 
intermediate temperature. In this embodiment the hot body 222 is quartz, 
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heated to approximately the intermediate temperature. Alternatively, other 
materials, such as silicon carbide, silicon, refractory metal, graphite, or a 
combination of such materials, for example, may be substituted. The hot body 
222 is located in the radiation absorbing chamber 48 below the workpiece 34, in 

5 close proximity thereto, and is operable to pre-heat the workpiece by radiative 

heat transfer and also by convection and conduction through a thin layer of gas 
between the hot body 222 and the workpiece 34. Following the bulk pre-heating 
and surface heating stages 132 and 134, the hot body may be effectively "shut 
off' by moving the workpiece away from the hot body, or alternatively, by moving 

10 the hot body away from the workpiece. In this embodiment, this is achieved by a 
motorized mechanism 224 that slides the workpiece 34 out of the radiation 
absorbing chamber 48 following the surface heating stage. 

Referring to Figures 7 and 7A, in this embodiment a cooled window 230 extends 
between the chamber walls to isolate the heating device 36 from the chamber 

15 holding the workpiece. In this embodiment, the cooled window 230 includes 

spaced-apart optically transparent windows 232 and 234, preferably constructed 
of quartz, having a fluid channel 236 interposed therebetween. The optically 
transparent windows preferably have a thickness in the range of 3 to 10 mm and 
are spaced apart approximately 2 to 5 mm, preferably 3 mm. A cooling fluid, 

20 preferably a liquid such as water, is pumped through the fluid channel 236. The 
cooled window 230 having water pumped through fluid channel 236 readily 
transmits visible radiation (represented by wave lines 235) from the lamp of the 
heating device 36 to the workpiece, yet also absorbs infrared radiation of 
wavelengths greater than 1.4 urn emitted from the workpiece (represented by 

25 wave lines 238). By absorbing radiation in wavelengths emitted radiantly by the 
workpiece, the cooled window 230 actively promotes workpiece cooling and 
limits or eliminates reflections of workpiece-emitted radiation back to the 
workpiece. This system 220 provides greater control and maximizes cooling of 
the workpiece. Alternatively, however, the window 230 may be omitted or 

30 replaced with other suitable window types if desired. 
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Also, if separate pre-heating and heating devices are provided, the pre-heating 
and heating devices need not be on opposite sides of the workpiece: for 
example, if desired, the pre-heating device, such as a linear tungsten lamp array, 
and a heating device such as a laser may be both located above the surface 38 
of the workpiece, to irradiate the second or device side 46 of the workpiece 
(although, as noted, supplying 100% of the pre-heating and heating energy to 
the device side tends to produce greater temperature gradients and thermal 
stress damage). 

Referring to Figure 8, an apparatus for heating a workpiece according to a sixth 
embodiment of the invention is shown generally at 300. In this embodiment the 
workpiece is a semiconductor wafer, and the apparatus 300 includes a chamber 
housing the semiconductor wafer, the chamber having one or more walls with a 
radiation-reflecting surface. More particularly, in this embodiment the chamber 
of the apparatus 300 includes axially aligned reflective chambers 302 and 304 
separated from one another by a workpiece-holding chamber 306. Each 
reflective chamber 302, 304 has four sidewalls with the internal sidewall surfaces 
coated with a reflective coating 308, 310 that reflects radiation in the wavelength 
ranges emitted from arc lamp sources and emitted from the workpiece. The 
sidewalls are slightly inwardly tapered toward the workpiece-holding chamber 
306, with the angle of the taper from about 2 to 6 degrees from perpendicular, 
preferably about 3 degrees from perpendicular. Unlike the chamber walls 50, 
52, 54 and 56 of the radiation absorbing chamber 48 in the prior embodiments 
(i.e., Figure 2), the sidewalls of the chambers 302, 304 in this sixth embodiment 
are reflective and may not be water cooled. 

Within the workpiece-holding chamber 306, the workpiece 320 is held by its 
outer edges on a support ring 322. Alternatively, the workpiece could be 
supported on pins, or by other suitable means. As shown in Figure 8, the 
workpiece 320 is a semiconductor wafer. The workpiece 320 is loaded into and 
unloaded from the workpiece-holding chamber 306 in a direction generally 
perpendicular to the axis of the chambers 302, 304 as indicated by arrow 312. 
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The workpiece-holding chamber is sealed from the chambers 302, 304 
preferably by optically transparent windows 314, 316, although such windows 
are not required. Process gases and/or inert gases may be introduced into the 
workpiece-holding chamber through conduits (not shown). For semiconductor 
wafer annealing processes, usually gases such as argon, nitrogen, NH 3 , N 2 0 
and NO, and mixtures of these gases or mixtures of one or more of these gases 
with oxygen, are introduced into the chamber 306. Annealing may also be 
carried out in a vacuum. 

Arc lamps 324, 326 and associated reflector assemblies 328, 330 are provided 
at the top and bottom of the apparatus, adjacent to the reflective chambers 302 
and 304, respectively. The reflector assemblies are formed by a series of flat 
segments forming a trough shape, so as to cooperate with each arc lamp to 
produce a generally uniform irradiance field. Examples of such reflectors are 
manufactured by Vortek Industries Ltd. of Vancouver, Canada. Each arc lamp 
324, 326 is positioned at a focal point of its associated reflector 328, 330, 
respectively. Each arc tamp 324, 326 and its associated reflector assembly 328, 
330, respectively, are positioned to irradiate one side of the workpiece 320 with a 
substantially uniform irradiance field. As shown in Figure 8, the radiant energy 
from arc lamp 324 irradiates the top surface 318 of the workpiece 320. The 
reflectors 328, 330 direct the radiant energy toward the workpiece without 
substantial reflection of that radiation on the reflective sidewalls of the chambers 
302, 304. Optically transparent windows 332, 334 are provided to further isolate 
the arc lamps 324, 326 from the chambers 302, 304. The arc lamps are cooled 
by fluid introduced through cooling channels 336, 338 in each bulb housing. 

The arc lamps 324, 326 and associated reflector assemblies 328, 330 each are 
separated from the adjacent chamber 302, 304 by cooled windows 340, 342. 
Cooled windows 340, 342 each include two optically transparent plates 344, 346 
and 354, 356 spaced apart from one another and having one or more channels 
348 and 358 defined in that space through which a cooling fluid, such as a liquid, 
preferably water, flows. The cooling liquid flows into the passages as indicated 
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by arrows 350 and exits from the passages as indicated by arrows 360. The 
plates preferably are formed from quartz and have a thickness in the range of 2 
to 10 mm, separated from one another about 2 to 5 mm, preferably 3 mm. 

The cooled windows 340, 342 serve competing purposes. First, they readily 

5 transmit visible and near-visible radiation emitted by the arc lamps (generally at 
wavelengths in the range of 0.2 to 1.4 urn) to heat the workpiece without 
substantial attenuation or diminishment of the efficiency of heating. Second, 
they actively remove longer wavelength radiation emitted from the workpiece 
(generally at wavelengths of 1.4 pm and above) out of the chamber thus 

10 preventing reflected radiation from returning to the workpiece, which serves to 

controllably cool the workpiece from the intermediate temperature to room 
temperature or a temperature below the intermediate temperature at which the 
workpiece may be removed from the workpiece-holding chamber after 
processing. Prior heating methods in reflective cavities without cooled windows 

15 lacked means to controllably cool the workpiece and prevent excessive thermal 
exposure at the intermediate or higher temperatures. With the cooled windows 
340, 342 of the embodiment shown in Figure 8, the workpiece, such as a silicon 
semiconductor wafer, is cooled at rates in the range of 100°C to 200°C per 
second, preferably 180°C per second or more. This compares to cooling rates of 

20 about 90°C per second for reflective chambers without water cooled windows. 

Other combinations or permutations of the above-noted pre-heating and heating 
devices or equivalent devices may be provided. For example, an arc lamp may 
be provided as the pre-heating device and a laser as the heating device, or a 
tungsten filament lamp array may be provided as the pre-heating device and a 
25 flash lamp as the heating device. These and other such variations may be 

apparent to one of ordinary skill in the art upon reviewing this specification, and 
are not considered to depart from the scope of the invention as construed in 
accordance with the accompanying claims. 

More generally, while specific embodiments of the invention have been 
30 described and illustrated, such embodiments should be considered illustrative of 
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the invention only and not as limiting the invention as construed in accordance 
with the accompanying claims. 
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CLAIMS: 

1 . An apparatus comprising: 

a) a liquid-cooled arc lamp; and 

b) a pulsed discharge power supply unit in electrical communication 
with said arc lamp and configured to supply an electrical discharge 
pulse to said arc lamp to produce an irradiance flash. 

2. The apparatus of claim 1 wherein said liquid-cooled arc lamp comprises 
an envelope, electrodes within said envelope in communication with said 
pulsed discharge power supply unit and configured to receive said 
electrical discharge pulse therefrom, and a flow generator configured to 
generate a cooling flow of liquid along a surface of said envelope. 

3. The apparatus of claim 1 wherein said liquid-cooled arc lamp comprises a 
water-wall arc lamp. 

4. The apparatus of claim 1 wherein said arc lamp is configured to produce 
said irradiance flash incident upon a semiconductor wafer. 

5. The apparatus of claim 3, wherein said water-wall arc lamp comprises a 
double water-wall arc lamp. 

6. The apparatus of claim 3 wherein said water-wall arc lamp comprises an 
argon plasma water-wall arc lamp. 

7. A method comprising: 

a) generating a cooling flow of liquid along a surface of an envelope of 
an arc lamp; 

b) producing an irradiance flash, wherein producing comprises 
discharging an electrical discharge pulse within said envelope. 
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8. The method of claim 7 wherein discharging comprises discharging said 
electrical discharge pulse between electrodes within said envelope. 

9. The method of claim 7 wherein said electrical discharge pulse has a 
duration on the order of one millisecond. 

10. The method of claim 7 wherein said electrical discharge pulse has a 
duration of less than 1 x 10 1 milliseconds. 

11. The method of claim 7 wherein said electrical discharge pulse has a 
duration less than a thermal conduction time of a workpiece upon which 
said irradiance flash is incident. 

12. The method of claim 7 wherein generating comprises generating first and 
second cooling flows of liquid on opposite sides of said envelope. 
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